INTRODUCTION
Great progress has been made in the science and technology ofpolymerization reactions. Polymerizations can be conveniently divided into two groups such as radical and ionic polymerizations. These two types of polymerizations show different characteristics, for instance, in respect of initiator, inhibitor or reaction behaviour. l\1any examples of polymerization reactions have been found in which the reaction mechanism seemed tobe either radical or ionic. A few of them, however, seemed to be situated just between the two types, i.e., they could have been in the valley between radical and ionic reactions. We would like toreportexperimental results concerning the benzoyl peroxide induced cationic polymerization of cyclic ethers which is neither ionic nor radical but a polymerization mechanism situated in the valley between radical and ionic polymerizations.
Radical polymerizations are, as is weil known, initiated by free radicals formed by initiatorssuch as benzoyl peroxide, whereas cationic polymerizations are initiated for example, by boron triftuoride. By the use of specific inhibitors the reaction mechanism can be clearly defined. Thus 1,1 diphenyl-2-picryl hydrazil (DPPH) is a strong inhibitor for radical polymerization, and water has a similar effect on cationic polymerization. The effect of dielectric constant on the rate of polymerization may be smaller in radical polymerization than in ionic polymerization. Also, the composition of copolymers obtained by these two types ofpolymerizations will be completely different.
These characteristics could usually be clearly distinguished under special conditions and the reaction mechanisms have been investigated under such conditions. However, direct comparison of reaction conditions has not yet been carried out.
Utilization of high energy radiation has opened a possibility for direct comparison of these two types of polymerization reactions. Even in the same monomerandsolvent system radiation induced polymerizations at different temperatures have been recognized to initiate both radical and ionic mechanisms. Gamma-ray induced copolymerization of styrene and methyl methacrylate or of styrene and p-methoxystyrene bothin methylene chloride solvent at room temperature has been shown to proceed by radical reaction, but the copolymerization at low temperatures such as -78°C has been shown to be a cationic process. The radiation induced ionic polymerization is possible not only at low temperatures but also in the solid state. l\iany cyclic ethers such as cyclic oxetanes or cyclic oligomers of formaldehyde are known to polymerize easily only by ionic initiation. Under the action of gamma-rays, these monomers have been found to polyrnerize easily only in the solid state. In these polymerization systems both reaction mechanisms might be possible. However, the experimental characterization of the reaction mechanism is a very difficult problem. Fundamental procedures for the characterization of active species are based on electron spin resonance measurements in radical and ion-radical polymerizations and on electric conductivity measurements in ionic polymerizations. However, these techniques are still in an early stage of development at least for the diagnosis of the two types of polymerization reactions.
RADIATION INDUCED SOLID STATE POLYMERIZATION
The five ring compounds shown in Table 1 polymerize readily using ionizing radiation. However, polymerization takes place only in the solid state.
The influence of reaction temperature on the rates of solid state polymerization oftrioxane and tetraoxane induced by gamma-rays is shown inFigure 1. Polymerization of trioxane to polyoxymethylene occurs from ca. 20°C to ca. 60°C. 3,3-Bis( chloromethyl)cycloxabutane (BCMO in Table 1 .) polymerized also in the narrow temperature range below its melting point.
These relationships were also found tobe approximately the samein the twocomponent system. To determine the physical state of a solid mixture we can observe the melting point of the mixture and represent the melting point v. composition relationship as a phase diagram. Figure 2 shows the phasediagram of a trioxane (TOX)-BCMO mixture.
Phasediagrams have often been used in the field of metallography, however monomer mixtures have not yet been examined in detail by this method. As shown in Figure 2 , the TOX-BCMO system is a eutectic mixture with the eutectic point at about 30 mole per cent trioxane. The shaded zone in this figure represents the polymerizable range. At ooc ( dotted A-line in Figure 2 ), solid state polymerization was found to occur over the entire mixture range. However at 40°C ( dotted B-line in Figure 2 ), the mixture consists ofless than about 70 mole per cent trioxan and the mixtureisliquid and cannot be polymerized. as shown in Figure 3 . As shown in Figure 5 , BFMO only polymerized in the crystalline phase (at -78°C), but not in the glassy phase (at 0°C). ::E -40 The trioxane-maleic anhydride system is also a eutectic mixture. The phase diagram is shown in Figure 6 and the polymerization behaviour in Figure 7 , respectively ( dotted lines in Figure 7 are duplicates of the phase diagram in Figure 6 ). Figure 7 shows a somewhat abnormal behaviour. In this systemliquid state polymerization could occur in the composition range of ca. 20-80 wt-per cent maleic anhydride at 50°C (horizontal chain line above in Figure 7 ) and in the range of ca. 50-60 wt-per cent, at 20°C (horizontal chain line down in Figure 7 ). 
ANOMALIES IN THE POLYMERIZATION IN THE PRESENCE OF MALEIC ANHYDRIDE
Radiation induced polymerization of these cyclic compounds probably occurs by cationic initiation and propagation since these monomers can only be polymerized by boron trifluoride or similar cationic cata1ysts.
However, several anomalies have been noticed which could not be understood by the usual concept of cationic mechanism. Such an anomaly was the large dependence of conversion on atmospheric oxygen as shown in Figure 8 .
In the absence of air no polymerization occurred. Such an effect of atmospheric oxygen on the rate of ionic polymerization has not been reported before. Oxygen seems to be essential for the polymerization. Further research showed that it could be replaced by benzoyl peroxide (BPO) as shown in Table 2 . Table 2 shows that radical inhibitors such as hydroquinone or DPPH inhibited the polymerization and also that ultraviolet light could be used instead of gamma-rays. Thesefacts could be explained by assuming radical mechanism for the polymerization of trioxane in the presence of maleic anhydride. Figure 9 represents the infrared spectra of polymers obtained by three different kinds of initiation. These spectra and those of conventional polyoxymethylene, obtained by usual cationic catalysts appear to be very similar. There is no evidence for copolymer formation with rnaleic anhydride.
The presence of a small amount of carbonyl absorption is apparent in the upper two curves in Figure 9 . This might indicate the presence of a small amount of formyl end groups, as will be explained later.
In all the systems in which polymerization occurred, a wine purple colour was observed. Figure 10 shows the absorption spectra of the five reaction systems.
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Pressure ot air, mm Hg As seen in Figure 10 , the absorption at 500-550 m(l. seems tobe characteristic for these polymerization systems. The parallelism between colour development and,polymerizability is shown in Table 3 . Table 3 ) could also polymerize easily in the presence of maleic anhydride using benzoyl peroxide as initiator. Maleie anhydride could also be replaced by chloromaleic anhydride ( electrophilic), but could not be replaced by citraconic anhydride (less electrophilic methyl derivative, cf. (b) in Table 3 ).
Many kinds of cyclic ethers such as bis(halomethyl)cycloxabutanes (cf. (a) in
Many kinds of organic peroxides have also been examined as polymerization initiators, as shown in Table 4 . aThe IR spectrum ofthispolymer is somewhat different from poly(BCMO).
As shown in Table 4 , some radical initiators such as hydroperoxide or a,a' -azobisisobutyronitrile could not initiate polymerization in this system. The hydrogen abstracting ability of the initiator could be important for initiation.
The polymer obtained from BCMO in the presence of maleic anhydride was found tobe mainly BCMO homopolymer and there was no evidence for maleic anhydride incorporation, as shown in Figure 11 .
As shown in Figure 11 , the infrared spectra of the polymers obtained in the presence of maleic anhydride using y-rays or ultraviolet initiation were completely identical with (BCMO) homopolymer obtained by usual cationic catalyst.
CATIONIC BEHAVIOUR OF INITIATOR
Copolymer compositions have been examined to clarify the mechanism of polymerization in the BCMO-ethyl(chloromethyl)cycloxabutane (ECMO) system, initiated by three kinds of catalysts. The results are shown in Figure 12 . Significantly, copolymer compositions obtained with three types of initiators i.e., cationic (BFaOR2) radical (BPO) and 60Co y-rays which can act either by ionic or radical mechanism, gave identical products. Thus, initiation with BPO could apparently induce cationic propagation.
As already shown in Table 3 , the 1,4-dioxane, maleic anhydride and BPO system was purple but did not polymerize. This could be due to the low reactivity of this monomer. The polymerization of isobutyl vinyl ether could, however, be initiated by the addition of a small amount of this coloured product as shown in Figure 13 .
Qi E ?: peroxide (0·01 g) was heated at 50°C in vacuo for 46 h, into dark reddish \'iolet product
The purple product was shown to have enough acidic character to initiate the cationic propagation of this vinyl ether.
A TENTATIVE REACTION MECHANISM
A reaction mechanism which could explain the free radical induced cationic polymerization will now be presented. Figure 14 shows a possible reaction route.
First, benzoyl peroxide (BPO) decomposes to free radicals (R·). These radicals attack trioxane to form trioxane radicals by hydrogen abstraction. In a similar manner, y-rays or ultraviolet radiation in air can produce trioxane radicals. Subsequently, trioxane radical and maleic anhydride can form donor-acceptor type complexes in which the maleic anhydride radical anion could be stabilized to a great extent due to its several resonance forms. The trioxane radical is strongly nucleophilic because of stabilization by conjugations with the two neighbouring oxygen atoms. Thus a trioxane cation might be formed which by ß-scission results in a carbonium ion or oxonium ion as shown inFigure 14. Consequently one end ofthe propagating chain contains a formate group (-C-CH). The infrared spectra of polyoxymethylene II 0 obtained in this system (Figure 9 ) shows a weak carbonyl absorption indicating such a terminal unit (-CH=O). Colour formation and the possibility of cationic polymerization could be tentatively explained by this mechanism. Details of these and similar mechanisms are being studied at the present. It is hoped that quantitative investigations will help to clarify the details of these processes. 
V ALLEY BETWEEN RADICAL AND ION
Six active species can be considered in the valley between radicals and ions, as represented in Table 5 .
The following possibilities can be envisaged for the formation of these six species:
(a) Neutral molecules (ligands with 0, N, etc. atoms or C=C, C=O, etc. bonds) can interact with donors and acceptors to give anion radicals (1) and cation radicals (2), respectively. Examples of these systems have already been presented in various literature references. Some of them are illustrated in Table 6 . 
